Several Latin genus names occurring repeatedly in this manuscript start with the letter A (Acyrthosiphon, Aphis, Aphidius, Aphelinus, Arsenophonus). To avoid confusion, they were always written out rather than abbreviated as A. after first mention.
Background: Aphid control by parasitoids and the discovery of defensive symbionts 25 26
Aphids are important agricultural pests of cereals, vegetable and fruit crops worldwide. 27 They harm plants directly by feeding on phloem sap, and they transmit numerous plant viruses 28 (Katis et al., 2007) , including some of the economically most important ones (Tomlinson, 29 1987 ). Yield losses caused by aphids in Europe alone have been estimated to be in the range 30 of hundreds of thousands or even millions of tons for certain crops like wheat, potatoes or 31 sugar beets (Wellings et al., 1988) , resulting in large economic damage (Dedryver et al., 32 2010) . 33
Natural enemies that can reduce the negative impact of aphids include entomopathogenic 34 fungi, predators such as adults and larvae of ladybird beetles, larvae of lacewings, hoverflies 35 and predatory midges, as well as parasitoid wasps from the subfamily Aphidiinae 36 (Hymenoptera: Ichneumonoidea: Braconidae) and the genus Aphelinus (Hymenoptera: 37 Chalcidoidea: Aphelinidae). Due to their short generation time and high fecundity, parasitoids 38 can be very effective in controlling aphids, and there is evidence that at least in certain crops 39 such as cereals, parasitoids may be the most important group of natural enemies of aphids 40 (Schmidt et al., 2003) . Aphid A straightforward prediction from these results is that symbiont-protected aphids should be 173 under strong positive selection in the presence of parasitoids. This has been confirmed in a 174 number of laboratory cage experiments with mixed populations of protected and unprotected 175 aphids. Oliver et al. (2008) showed that pea aphid infection with H. defensa increased from 176 33% to near-fixation over the course of 12 weeks in cages containing Aphidius ervi (but 177 decreased in cages without parasitoids). Similarly, a R. insecticola-protected clone increased 178 from 10% frequency to nearly 100% in cage populations of M. persicae in the presence of 179
Aphidius colemani over the course of only 8 weeks (Herzog et al., 2007) . A very recent 180 laboratory cage experiment by Sanders et al. (2016) addressed the influence of defensive 181 symbionts in a complex but stable community of three aphid species growing on Vicia faba 182 (Acyrthosiphon pisum, Aphis fabae and Megoura viciae), each with a specialized parasitoid 183 (Aphidius ervi, Lysiphlebus fabarum and Aphidius megourae, respectively). Replacing the pea 184 aphid clone with the same clone carrying an infection with a protective H. defensa strain 185 completely disrupted the stability of the community. Protected pea aphids were so resistant 186 that they escaped control by Aphidius ervi and subsequently outcompeted the other two aphid 187 species to the point of extinction, thus removing their parasitoids from the cages as well 188 (Sanders et al., 2016) . The final result were cages infested with high densities of pea aphids 189 only. Finally, in an unpublished experiment by Käch (2014) There is some comparative evidence that defensive endosymbionts provide effective 202 protection and reduce parasitism under field conditions. Already before defensive symbionts 203 of aphids were described, laboratory assays have shown that pea aphids specialized on alfalfa 204 are more resistant to their parasitoid Aphidius ervi than pea aphids specialized on clover 205 (Hufbauer and Via, 1999) . This is paralleled by lower mortality from Aphidius ervi in alfalfa 206 than in clover fields (Smith et al., 2015) , and presumably related to the fact that the alfalfa 207 host race is more frequently infected with H. defensa than the clover host race (Frantz et indicative of protection in the field (Smith et al., 2015) . A similar situation occurs in the 211 cowpea aphid, Aphis craccivora, in which different host-associated populations also differ in 212 the endosymbionts they possess. Cowpea aphids collected from alfalfa are predominantly 213 infected with H. defensa and show low rates of parasitism by parasitoid wasps in the field, 214 whereas cowpea aphids from locust (Robinia pseudoacacia) predominantly harbor a different 215 facultative symbiont, Arsenophonus, and are more frequently parasitized by wasps (Brady and 216 White, 2013 Trifolium pratense) carrying pea aphids with or without defensive symbionts into natural 236 meadows for 10 days and returned them to the laboratory to score parasitism. One comparison 237 was between a clone infected with H. defensa and the same clone cured from this symbiont, 238
and it showed as well that H. defensa reduced parasitism, particularly by wasps of the genus 239
Aphelinus. The other comparison was between a clone infected with R. insecticola, which is 240 protective against fungal pathogens in the lab, and its cured counterpart. This comparison 241 showed significant protection by R. insecticola against fungal pathogens in the field. 242
Both of these field experiments thus demonstrated that symbiont-conferred protection is 243 effective in the field, but remarkably, both studies also found that this protection did not result 244 in an overall benefit to the hosts. In the study by Rothacher et al. (2016) , black bean aphids 245 with H. defensa did not reach higher population sizes than those without (Fig. 1) , and in the 246 study by Hrček et al. (2016) , overall survival of pea aphids was not affected by H. defensa and 247 even reduced significantly by R. insecticola. 248
It is possible that selection by parasitoids was simply not strong enough at these field sites 249 to make a difference (Rothacher et al., 2016) , but there were also indications that the 250 protection might have been counteracted by costs of harboring the defensive symbionts, 251 resulting in no net benefit of their possession (Hrček et al., 2016) . From a biocontrol 252 perspective this is important, because it implies that there are factors that can mitigate the 253 problem of controlling symbiont-protected aphids. These are discussed in the next section. 254 Resistance to parasitoids does not come for free to the insect host. We distinguish between 260 constitutive costs of possessing the ability to resist and induced costs of using this ability 261 when attacked (Schmid-Hempel, 2003) . For example, flies (Drosophila melanogaster) 262 selected for an increased ability to encapsulate parasitoid eggs suffer from reduced 263 competitive ability (Kraaijeveld and Godfray, 1997) , which is indicative of a constitutive cost, 264 and flies mounting a successful immune response against parasitoids suffer from reduced 265 starvation resistance (Hoang, 2001) , which is consistent with an induced cost. The same might 266 apply if resistance is not encoded by the host but conferred by bacterial endosymbionts. 267
In the case of the defensive symbiont H. defensa, evidence has accumulated that its 268 possession is indeed associated with constitutive costs to the aphid host. When competing 269 with uninfected members of the same clone in cages, pea aphids infected with H. defensa 270 declined over time in the absence of parasitoids, even though H. defensa did not have any 271 significant effects on life-history traits measured in a separate experiment (Oliver et al., 2008) . 272
Such effects were, however, observed in black bean aphids. Experimental infections with 273 various isolates of H. defensa significantly reduced aphid lifespan, which translated into 274 reduced lifetime fecundity compared to uninfected aphids (Vorburger and Gouskov, 2011) . 275
Other studies hinting at costs of resistance conferred by H. defensa include Simon et al. When both species were unprotected by symbionts, they were successfully controlled and 328 driven to extinction by Aphidius colemani. When both species were protected by a defensive 329 strain of R. insecticola, the aphids escaped control and both aphid species persisted. When 330 only one of the species harbored the symbiont, however, control was successful again and the 331 unprotected as well as the symbiont-protected species were suppressed. Apparently, the 332 susceptible aphid species supported such high densities of parasitoids that they killed the 333 resistant aphids as well, presumably by their stabbing and/or by disturbing them to the point 334 of starvation. 335
This has implications for biological control in greenhouses. If very high densities can be 336 achieved in a greenhouse, parasitoids may be able to control symbiont-protected aphids as 337 well. However, obtaining such high densities by inundative releases is likely to be 338 prohibitively expensive. As the example by Hertäg (2016) showed, high parasitoid densities 339 can be obtained if a susceptible aphid population of sufficient size is present in the same 340 environment. This could be achieved with banker plant systems, although I suspect that 341 conventional systems would have to be greatly enlarged to cover a substantial proportion of 342 the available greenhouse space for producing parasitoid densities high enough to control 343 resistant aphids on the crop simply by 'stressing them to death'. Also this would come at a 344 significant economic cost. 345 after 11 generations of experimental evolution, parasitism success remained somewhat lower 360 than on unprotected aphids. More importantly, parasitoid counteradaptation was highly 361 specific to symbiont strains, which was discovered because the three isolates of H. defensa 362 employed in the experiment comprised two different genotypes. Parasitoids experimentally 363 adapted to aphids infected with the first genotype remained uninfective on aphids harbouring 364 the second, and vice versa (Rouchet and Vorburger, 2014) . 365
The rapid response to selection seen in these experimental evolution studies suggests that 366 natural populations of aphid parasitoids harbor considerable genetic variation for the ability to 367 overcome symbiont-mediated resistance. This is also supported by assays using numerous 368 targeted aphid infestation is protected by different strains (Rouchet and Vorburger, 2014) . 515
Let me therefore develop the thought of selective breeding even further. If symbiont-516 conferred resistance to parasitoids in the most problematic pest aphids of greenhouse crops is 517 22 due to an overseeable number of symbiont species or strains -future research will have to 518
show if this is the case -specialized parasitoids could be produced against the main defensive 519 symbionts. The business of controlling aphids with parasitoids might then develop from one 520 of mass-production and release to one of diagnosis and delivery of customized biocontrol 521 agents. Analyzing a sample of the early colonizers would tell which defensive symbionts 522 protect the aphids and inform the choice of parasitoids specifically suited to control them. 523
These are clearly still dreams of the future, but the increasing ease, speed and affordability of 524 molecular diagnostics could eventually make such a targeted approach feasible. 525 526
Recommendations for parasitoid application 527 528
Laboratory cage experiments have shown that parasitoid releases can select very rapidly 529 for symbiont-protected aphids (see above). Assuming that this observation is transferable to 530 greenhouse environments, the challenge for biological control is to keep an increasingly 531 resistant aphid population in check. A possible way to avoid the application of insecticides 532 when aphids are starting to escape control by parasitoids would be the combined release of 533 parasitoids and predators. Ideally, early release of parasitoids would keep aphid densities low 534 and predators would take out the resistant part of the aphid population. 535
There is some evidence that facultative endosymbionts of aphids can also have negative 536 effects on predators. Larvae of the ladybird beetle Hippodamia convergens show somewhat 537 higher mortality when they are fed pea aphids containing H. defensa or S. symbiotica than 538 when they are fed pea aphids without these symbionts (Costopoulos et al., 2014) . However, 539 this does not deter beetle feeding, hence they remain effective as biocontrol agents against 540 symbiont-protected aphids. Because pea aphids infected with H. defensa show reduced 541 23 defensive behavior (Dion et al., 2011a) , predators might even be more effective against aphids 542 possessing this symbiont (Polin et al., 2014) . 543
What might hamper the success of combined parasitoid and predator releases, on the other 544 hand, is intraguild predation (Polis et al., 1989) . It is known that by consuming developing 545 parasitoids inside aphids and mummies or via behavioral effects, predators can disrupt aphid 546 control by parasitoids (e.g. Raymond The final recommendation is simply to aim for high parasitoid densities in biological 557 control of pest aphids. If numerous enough, parasitoids can also control resistant aphids by 558 'stressing them to death' (Hertäg, 2016) . I am aware that this recommendation is difficult to 559 implement because parasitoids are expensive to purchase. Nevertheless, relatively high 560 parasitoid-to-aphid ratios are beneficial even if aphids are unprotected by symbionts, and any 561 measures to augment these ratios would also help to control symbiont-protected aphids. These 562 could include releasing the parasitoids early enough to hit beginning infestations while 563 large banker plant systems would need to be to fulfil this role. They may require too much 575 space to be economically viable. Another concern is that the evolution of symbiont-conferred 576 resistance is a real risk also in alternative hosts on banker plants, although this could probably 577 be prevented easily by supplying alternative hosts from carefully controlled stocks. 578 579
Conclusions 580 581
After the discovery of the first defensive symbionts in pea aphids, research on defensive 582 symbiosis in aphids has burgeoned and continues to grow. Although still far from 583 comprehensive, current knowledge suggests that facultative bacterial endosymbionts occur in 584 most, if not all, pest aphids, and that several of them can provide their hosts with protection 585 against parasitoids and other natural enemies. Laboratory experiments indicate that protection 586 against parasitoids can be strong enough to represent a challenge for biological control. 587
Parasitoids rapidly select for protection by symbionts such that the remaining resistant aphids 588 can escape control by parasitoids. The limited evidence available from field experiments 589 paints a somewhat different picture. While clearly effective under natural conditions, 590 protection by defensive symbionts may not always result in selection for infected aphids. 591
Likely mitigating factors include physiological or ecological costs associated with the 592 possession of defensive symbionts. However, most parasitoid releases for controlling pest 593 aphids do not take place in the field, but in greenhouses. A key question to answer is therefore 594 whether with respect to the evolution of symbiont-conferred resistance, the situation in 595 greenhouse crops comes closer to a field or a laboratory situation. Unfortunately, this is still 596 an open question. My gut feeling is that the confined space, the simplified habitat with 597 typically a single crop at a high density, and the relatively constant and benign physical 598 conditions make the greenhouse environment sufficiently similar to laboratory environments 599 to justify concerns about the evolution of symbiont-conferred resistance. However, that the 600 term gut feeling is used in a scientific review is in itself disconcerting, and such an important 601 questions should certainly not rely on the gut feeling of a single researcher with virtually no 602 practical experience in applied biocontrol. This review is therefore also a plea for increased 603 research on the effects of defensive symbiosis in aphids at a greenhouse scale. 604
To end on a positive note: Even if defensive symbionts turn out to be a major challenge for 605 biological control of aphids in greenhouses, recent research results imply that clever breeding 606 and application of biocontrol agents have the potential to mitigate the problem. Defensive 607 symbiosis is such an active field of research at the moment that new ways to address the 608 challenge that were not discussed in this review will become evident in due course. 
